Brewster angle microscopy a b s t r a c t Zein is a protein based natural biopolymer containing a large amount of nonpolar amino acids, which has shown the ability to form aggregates and entrap solutes, such as drugs and amino acids to form stable protein-drug complexes. In this work, p-A isotherm, NMR, and Dynamic light scattering were used to detect the formation of protein aggregates and the affinity between zein and two different drugs: tetracycline and indomethacin. An effective interaction of zein and the two drugs was evidenced by means of liquid NMR reinforced by means of changes in the surface pressure by p-A isotherm.
Introduction
The technological advances in drug delivery demand constant innovation on biomaterials and polymer science, mostly regarding special functionalities that may interest for the transport and release of the ligand from the carrier systems. Recently, zein has gained attention because of its potential applications as a biopolymer [1] , being considered in the development of drug delivery systems (DDS) such as microspheres, films, and other devices for the release of antimicrobials, anticancer, anti-coagulants, and also parasitic drugs, mainly due to its cost and good standards of biocompatibility [2] [3] [4] [5] [6] [7] [8] .
Zein, a prolamin rich protein, is found in protein bodies in the endosperm of the corn kernel (Zea mays L.). There are four classes of this protein as follows: a, b, c, and d zein. The component a-zein represents 35% of these proteins that include two prominent bands of 22 and 24 kDa. Reducing SDS-PAGE analysis shows that b-zein has three major bands of 24, 22 , and 14 kDa. The amino acid sequences have been published by Phillips et col [9] . Approximately 70% of zein is composed by glutamine (20%), leucine (20%), alanine (14%), and proline (9%), and due the high proportion of nonpolar amino acids, it is neither soluble in pure water or alcohol, but soluble in hydroalcoholic and acetone water mixtures. The amphiphillic nature comes from the hydrophilic and hydrophobic residues distributed in the protein structure.
Its properties and structure allow zein to be a filmogenic material that is able to form stable, biodegradable, and biocompatible films with great potential for they use in DDS, implants, food packaging, and electrochemical devices (selective sensors, biosensors, etc.). The average hydrophobicity of zein is reported to be 50 times larger than albumin, fibrinogen, etc. [10] . The properties of zein films, such as biodegradability, mechanical resistance, water absorption, and barrier ability, largely depend on the interaction among protein, plasticizers, and other functional groups [11] . It has been shown the ability of zein to form aggregates and entrap solutes, drugs, and also amino acids [12] . This capability is directly influenced by different conditions, such as the medium polarity [13] , steric and electronic parameters [14] , pH and charge of cationic amino acids [15] .
The monomer structure of zein protein as reported by Matsushima et al. [16] based on small-angle X-ray scattering (SAXS), presents 10 successive helical segments folded upon each other in an antiparallel arrangement, stabilized by hydrogen bonds. The helical segments are linked at each end by glutamine-rich turns or loops ( Fig. 1 ). Elements of secondary structure of zein have been disclosed, not only by SAXS but also via Infrared spectroscopy, Circular dichroism (CD), SDS-PAGE electrophoresis, and Dynamic light scattering (DLS), suggesting that the monomer adopts an extended structure in solution, a result that is also consistent with an NMR qualitative study of H/D exchange [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . However, the structure of this protein has not been fully elucidated in the literature neither by high resolution methods such as X-ray crystallography or liquid NMR.
Due to the complex structure of zein, its amphiphilic character and solubility characteristics, it is difficult to establish a homogeneous distribution of drugs in zein-based DDS. Drugs are able to establish interactions with zein and form complexes [17] ; thus, gaining insight into these interactions would improve in the development of zein devices, concerning the drug distribution or their release behavior. Its amphiphilic nature also permits to use p-A isotherm to study the interaction in the air/water interface between drugs and zein. Most recent, advances in NMR techniques have provided tools to probe specificity, affinity, and structural aspects of receptor-ligand interaction [30] , an adequate approach to understand the molecular recognition between drugs and biomaterials.
Our main focus in this paper is to characterize by the aforementioned NMR, p-A isotherm techniques, and Dynamic light scattering the interactions of zein with small molecules of pharmacological interest and study the potential of zein as biomaterial to elaborate multiparticulate drug delivery systems.
Materials and methods

Materials
Zein isolated from maize and tetracycline hydrochloride (TCL) were purchased from Sigma. Indomethacin (IND) was obtained from Guinama. Ultrapure water was obtained by reverse osmosis (Millipore Corp.) and purified with a 0.22 lm zetapore filter. The resistivity of the purified water was checked and kept at 18 MX cm. All the other reagents were pure grade and used as received. Deuterated solvents D 2 O 99.9%, CD 3 OD 99.8%, and CDCl 3 99.8% were purchased from Eurisotop.
NMR Spectroscopy
Sample analysis
Solution NMR spectra were obtained at 25°C in an Agilent (Varian) INOVA-750 operating at 750 MHz (proton frequency) spectrometer or a Bruker DRX-500 spectrometer operating at 500 MHz (proton frequency). Both spectrometers were equipped with a proton inverse detection probe with shielded pulse field gradients. The exact spectrometer used and the sample preparation are indicated in each case. NMR data processing and analysis was performed with MestreNova Ò software (Mestrelab Research Inc.) [31] .
1 H NMR signal assignment
Proton NMR signal assignment of the pure drugs TCL or IND was performed using a combination of three standard NMR spectra: 1D 1 H, TOCSY (Total Correlation Spectroscopy), and 2D NOESY (Nuclear Overhauser Enhancement Spectroscopy) acquired in the DRX-500 spectrometer. For these experiments, a sample of the pure drug IND or TCL was prepared at 7.5 mM concentration in the mixture CDCl 3 :CD 3 OD 90:10 (v/v). The 1 H NMR signal assignment was obtained from the analysis of the spectra assisted by the comparison with previous assignments found in the literature for these molecules [34] and the theoretical prediction based in the molecular structure using MestreNova Ò software. The signal assignment and numbering scheme used thorough the text for TCL and IND molecules is given in Fig. 2 .
Saturation Transferred Difference (STD) and water-ligandobserved via gradient spectroscopy (waterLOGSY)
These spectra were acquired in the Inova-750 spectrometer. Samples IND:zein were prepared by dissolving IND in 0.5 mL CD 3 OD. After stirring, 0.1 mL of water (either D 2 O or H 2 O) was added, and then, zein was added. Finally, 0.3 mL of water (either D 2 O or H 2 O) was added. The final product was transferred to an NMR tube for measurement.
Samples TCL:zein were prepared by dissolving of TCL in 0.1 mL of water (either H 2 O or D 2 O). After stirring, 0.5 mL of CD 3 OD was added and then zein was added. Finally, 0.3 mL of water (either H 2 O or D 2 O) was added. The final product was transferred to an NMR tube for measurement. A sample was prepared with the mixture of the two drugs, TCL and IND, and zein protein dissolved in H 2 O:CD 3 OD 4:5 v/v. The total ratio drug:zein in this sample was the same as in the other four samples.
Saturation Transferred Difference spectra (STD) [32, 33] were acquired for each one of the four samples prepared drug:zein. The selective saturation was placed at 0.87 ppm, a region of the proton spectrum where exclusively appear signals of zein but not TCL or IND. It provided the so-called STD on spectrum. Besides, a reference 1D STD spectrum was acquired under the same conditions except for the selective saturation that was placed in an empty region of the spectrum at 15 ppm, providing the so-called STD off spectrum. The total duration of the saturation was 2 s. It consisted in a train of low power selective Gaussian pulses of 50 ms separated by a 0.1 ms delay. The scans corresponding to the STD on and STD off experiments were interleaved during the acquisition, and the correspondingly, FIDs are subtracted automatically by the phase cycling providing the STD off-on spectrum that is finally reported. Each STD off-on spectrum was acquired with 128 scans and a total duration of each scan of 4 s.
WaterLOGSY experiments [34, 35] were acquired for the three samples dissolved in H 2 O:CD 3 OD 4:5 v/v. They are the two samples that contain zein and a single drug, TCL or IND, and the sample that contains the mixture of two drugs and zein. The experiments were performed with a 180°inversion pulse applied over the water signal at $4.7 ppm by means of a sinc shaped selective pulse of 25 ms. The mixing time of the experiment was set to 2 s. Each waterLOGSY spectrum was acquired with 128 scans and a total duration of each scan of 5 s.
Compression isotherms
Isotherms were carried out using a surface balance single barrier NIMA 611 (U.K.) with total area 550 cm 2 placed on an anti-vibration table. Prior to experiments, the trough was cleaned with chloroform and ethanol and further rinsed with water. The monolayer stability was verified by monitoring the change in surface pressure while holding the area constant. The subphases were purified water, TCL, or IND solutions. Also, the temperature was kept at 20°C. Solutions of zein (0.1 mg mL À1 ) were prepared in chloroform/methanol 9:1 v/v, To record the p-A isotherms, a volume of 30 lL of the protein solution was deposited by means of a microsyringe (Hamilton, USA) at the air/water interface and allowed to stand for at least 10 min in order to ensure the complete evaporation of the solvent. The monolayers were compressed at a speed of 15 cm 2 min À1 . The surface pressure was measured with an accuracy of ±0.1 mN/m, using a Wilhelmy plate as a pressure sensor, and the surface pressure, p, was recorded as a function of the area of the monolayer. To carry out relaxation measurements, monolayers were compressed at a speed of 15 cm 2 /min until the desired surface pressure was achieved. The relationship between the time and the area was recorded as the surface pressure was maintained automatically.
BAM images and thickness of monolayers
Brewster angle microscopy (BAM) images and ellipsometric measurements were performed with a BAM 2 Plus (NFT, Göttingen, Germany) equipped with a 30 mW laser emitting p-polarized light at 532 nm wavelength which was reflected off the air/water interface at the Brewster angle (53.1°). This reflected beam pass through a focal lens, into an analyzer at a known angle of incident polarization and finally to a CCD camera to measure gray levels (GL) instead of relative intensity (I). The light intensity at each point in the BAM image depends on the local thickness and film optical properties. At the Brewster angle:
where I is the relative intensity or relative reflectivity (defined as the ratio of the reflected intensity (I r ) and the incident intensity (I 0 ), I = I r /I 0 ), R p is the p-component of the light, C is a constant, and d is the relative film thickness. The relative reflectivity of the film was measured with a calibrated charge-coupled device (CCD) camera. Therefore, it was determined the relationship between the gray levels (GL) and the relative reflectivity (I). The procedure used for this calibration was described in previous articles [36] , but currently, with the BAM 2 Plus equipment, the calibration is automatically performed for each measurement at different shutter speeds, providing the relative thickness values of the monolayer as it is compressed. The lateral resolution of the microscope was 2 lm, the shutter speed used was 1/50 s, and the images were digitalized (768 Â 572 pixels) and processed to optimize the quality (Iris v5.34 software, Christian Buil, France).
Dynamic light scattering
Drug-protein aggregates were characterized by means of size and zeta potential measurements using Dynamic light scattering (Zetasizer Ò Nano-ZS, Malvern Instruments). In order to obtain the aggregates, we prepared a hydroalcoholic (70%) solution of zein of a concentration of 8 mM. From this solution, an aliquot of 60 lL was dropped to a vial containing a drug solution of 8 mM (TCL or IND) and stirred vigorously. By this means, it was obtained a ratio zein:drug at approximately 1:10 each.
Results and discussion
There are available several NMR experiments for the detection or characterization of macromolecule-ligand or supramolecular-ligand interactions that relies in the observation of the NMR signals of the ligand [32] [33] [34] [37] [38] [39] . The Saturation Transfer Difference (STD) [32, 33] and water-LOGSY [34, 38] experiments are two sensitive and reliable experiments of this class. Both experiments are based in the Nuclear Overhauser Effect (NOE) and are able to detect ligand binding to a macromolecule or supramolecular aggregate in the range of medium-to-weak affinity, corresponding to an equilibrium dissociation constant (K d ) from lM to mM [33] .
The STD experiment provides a simpler access to the ligand binding epitope and to other relevant aspects such as the ligand binding affinity [40] . A previous study performed in our group had used the STD methodology and found that in the complexes TCL-zein and IND-zein, the aromatic ring of TCL and the aromatic ring containing chlorine of IND are, respectively, the most relevant parts of these drugs for its interaction with zein in D 2 O:CD 3 OD solutions [17] . The same study had also determined that both drugs present medium-to-weak affinity for zein, whereas the affinity of IND is an order of magnitude higher than TCL.
The water-LOGSY experiment is an alternative method to STD for the detection of binding for ligands to macromolecular receptors [34, 35] . It relies in the transference of NOE from the water resonance. In a sample containing a small molecule and a macromolecular receptor, the appearance in the spectrum of signals of the small molecule with the same phase than the water peak proves that there is binding affinity among the two molecules and that water is present at the macromolecule binding site [41] .
In this section, solution NMR methods are used to gain insight about the drug:protein mechanism of interaction and the role of the water co-solvent in the complexes TCL-zein and IND-zein. STD and water-LOGSY spectra were used to obtain information about the intermolecular interactions between a drug, TCL or IND, and zein under the relevant conditions in which the sample is forming a colloidal dispersion, as it is required for the formation The STD off-on spectra obtained for samples IND:zein and TCL:zein by placing the on-saturation in the aliphatic signal of zein at $0.87 ppm are given in Figs. 3 and 4 , respectively. It is clear from the comparison of the spectra of Fig. 3b and c (or Fig. 4b and c ) that the STD signals corresponding to the drug are much weaker when the sample is prepared co-solvent H 2 O than when they are prepared in co-solvent D 2 O. This unexpected result indicates that for these colloidal samples, the water co-solvent remarkably affects to the mode of interaction of the drugs TCL or IND with zein. The most plausible interpretation suggests that the form of the water co-solvent, D 2 O or H 2 O, affects to the conformation of zein. Since it is known that the strength of hydrogen-bonding interactions weakens in D 2 O respect to H 2 O, zein could be more unfolded in D 2 O than in H 2 O co-solvent and therefore have different residues exposed for the interaction with the drug. The STD spectra suggest that the direct interaction of the drug with zein is diminished in H 2 O respect to D 2 O co-solvent.
To obtain further information about the mode of binding of the drug, waterLOGSY spectra were acquired for the colloidal dispersions drug:zein prepared with the H 2 O co-solvent. In the water-LOGSY spectrum of samples IND:zein and TCL:zein ( Fig. 5a and  b) , most of the signals of the drug have considerably intensity and the same phase as the water peak. This is an indication that with the H 2 O co-solvent, there is binding between the drug and the zein mediated by a layer of water molecules that have relative long residence times attached to the hydrophilic surface of the protein (bound water fraction). Qualitatively, considering the poor transference of saturation from the protein to the drug in the STD off-on spectra obtained with the H 2 O co-solvent ( Fig. 3a and A waterLOGSY competition experiment was performed with a sample containing the two drugs, TCL and IND, and zein in a colloidal dispersion in H 2 O co-solvent (Fig. 5c ). This spectrum shows the presence of the signals the two drugs with the same phase as the water peak. Moreover, the signals of each drug appear with similar intensity as that previously seen in the waterLOGSY spectrum of the sample containing each individual drug ( Figs. 3 and 4) . This result indicates that the two drugs IND and TCL do not compete for the binding to zein in the colloidal dispersions with H 2 O co-solvent, a very different situation of what it was observed by us in the co-solvent D 2 O [17] . The later suggests that the binding of the drug in H 2 O co-solvent is rather unspecific, and possibly to a number of water solvated and relative amphiphilic residues exposed at the surface of zein.
Zein molecules are able to extend in the A/W interface forming a stable monolayer. It is represented in Fig. 6 , the compression curve obtained for this protein. The shape of the isotherm denotes the existence of a liquid condensate state monolayer in the range of surface pressure between 12 mN/m and 27 mN/m, as indicated in the value of the compressibility modulus (C À1 s , Fig. 7) [2] which represents the slope of the p-A curve. The area liftoff (where the surface pressure starts to increase) is 26 Å 2 /residue. The limit area of the monolayer (extrapolated area to pressure 0) is 20 Å 2 /amino acid residue. This is a typical value for proteins monolayers in room conditions when they are well extended in air/water interface (A/W) [42, 43] . Assuming an average molecular weight of 27 kDa for the protein molecule and 113 Da and for each amino acid residue and a number of residues of amino acid by protein molecule of 239, the liftoff value of 26 Å 2 /residue corresponds approximately to an area of 600 Å 2 /molecule [44] . In accordance with Mitchell [45] , a value of 26 Å 2 /residue for the area liftoff corresponds to the area of zein molecules when a reorientation of the side chains occurs due to the effect of the monolayer compression: polar residues are oriented toward the water subphase under the main chain and nonpolar residues toward the air (Fig. 8a) . Above the equilibrium extension pressure, estimated as 19.5 mN/m [45] , an inflection in the p-A isotherm is observed, remaining relatively stable until pressures of 24.5 mN/m. This behavior could be due that helical parties and unroll chains of zein that are rearranged to an upright position up to an area at which they start to compress, or due to the formation of a bilayer of coil parts. Such behavior was already described for cyclic molecules such as cyclosporine, which featured a ''quasi plateau'' [46] . In order to determinate the transition values more accurately, the compressibility modulus was obtained [47] , showing a reduction of about a quarter in the value of the area from the beginning until the end of the plateau which is incompatible with the formation of the bilayer. To gain more insight into the interpretation, the thickness-time curves were obtained ( Fig. 7) , showing a constant thickness during the entire plateau, indicating that a bilayer was not formed. BAM images taken throughout the plateau (Fig. 6 ) show a homogeneous system without appearance of collapsed monolayer, confirming that the plateau can be attributed to a chain reorientation, forming ''loops'' and ''tails'' in the air/water interface. This behavior can also explain the quasi-reversible processes observed in the hysteresis cycles of compression curves ( Fig. 9 ).
Zein p-A isotherm obtained when TCL and IND are added to the subphase showed significant changes compared to water alone (Fig. 6 ). These modifications are not related to the physical state of monolayer, but rather in the occupied area. TCL produces a declining in the area occupied by the monolayer at low pressure until values around 12 mN/m when the area becomes similar to the one obtained with pure water. Contrary to TCL, IND produces an increment in the area of the monolayer compared to water, along all the pressure values assayed. These differences in monolayer area are indicative that both TCL and IND interact with zein, but possibly at different places in the structure of the protein, as it has been confirmed by the NMR studies.
In the air interface, zein molecules oriented their polar residues toward water subphase and nonpolar residues toward the air. In this situation, IND molecules interact with the hydrophobic parts of the protein (Fig. 8b) bringing the area occupied by the monolayer of zein larger than the same in water alone. So the hydrophobic parts of IND are interacting to de zein residues in the protein-air surface avowing the contact with water, this situation can strongly influence the drug entrapment in zein microparticles and their subsequent release. However, TCL, which is more hydrophilic, interacts with the residues oriented toward water (Fig. 8c ) favoring the hydrophilic attractions between chain and lowering the area occupied by the monolayer; nevertheless, when the monolayer is compressed, both compression of side chains and chains folding cannot be increased, and so the isotherm in presence of TCL becomes similar to water on values of pressure higher than 12 mN/m. Zein-drug aggregates were also studied in size and superficial charge. The results obtained using DLS show that aggregates have differences in diameter depending to the drug entrapped ( Table 1) that is in accordance with the assembly of the drug in the protein complex proposed in monolayer experiments. Thus, it seems that IND is involved in the expansion of the polymeric chains of the protein, while TCL keeps the morphology and size distribution closer to what is found with the zein aggregates in absence of drugs. In any case, the aggregates obtained were uniform in size, with polydispersity index (PdI) ranging from 0.027 to 0.070. Zeta potential was also determined found to be positive and quite similar in aggregates of zein and in IND/zein aggregates but lower in the case of TCL/zein aggregates.
Conclusion
The affinity between a drug and its carrier is a key parameter on the development of a drug delivery system since it affects important aspects such as loading efficiency, release, and distribution. The formation of a protein-drug complex is the interplay of a number of molecular interactions that utterly contributes to the thermodynamics of the process such as the establishment of hydrogen bonds, van der Waals forces [48] , the release of solvent molecules and the entropic balance. The net contribution of all of them must be favorably in order to form the complex. Even when the structure of the two counterparts is known experimentally, the prediction of the affinity is still limited [49] . Some of the reasons that make difficult such prediction are the fact that the interactions does not only depends on the structure but also depends on the dynamics of both components. In addition, there are difficulties for the evaluation of the enthalpy and entropic contribution of the solvent. In this study is show that at difference that in solution [17] , were aromatic-aromatic interactions are the driving force for the stabilization of drug/zein complexes, in colloidal state the interactions drug-protein are rather unspecific and strongly dependent on drug hydrophilic-hydrophobic residues, the hydration of the water solvated amphiphilic residues of zein and also the interaction with the hydrophobic parts of the protein in the air interphase. Moreover, molecular affinity and the protein/drug/ water interactions are important parameters affecting the incorporation of the drug into the protein complex.
Current NMR and p-A Isotherms techniques are suitable tools to presume and determine binding interactions and thermodynamic parameters such as the affinity among molecules. This strategy can be useful for predicting the drug incorporation characteristics from a polymeric drug delivery system. This feasible methodology, focused in the functionality of the protein-drug complex, does not require any knowledge of its three-dimensional structure and can be very promising within the drug delivery field. 
